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Robust Multimodal Biometric System for Forensic Identification

Multimodal Input Features

Dental Marphalogy

Reliable human identification is a challenging area in forensic science
especially where conventional biometrics are not available. This is
addressed in this study by coming up with a new multimodal system. The
study contribution is the Adaptive Convergence-Triggered Mutation
Particle Swarm Optimization (ACTM-PSO) algorithm of optimal fusion
regarding tongue and dental biometrics. The combination leverages
durability regarding dental structure as well as the specialized texture of
tongue prints, which in most cases preserved in post-mortem cases. The
technique extracts the texture and morphological features of tongue and
dental images. The proposed ACTM-PSO, which has non-linear adaptive
inertia weight and stagnation-triggered mutation, optimizes the weighting
of features for fusion before classification using an SVM. Experimentally,
the system attains accuracy of 97.3% and low Equal Error Rate (EER) of
2.1% in comparison to traditional PSO (88.3% accuracy) and unimodal
systems. It has an accuracy of more than 95% in rotations of the image
(0°, 90°, 180°, 270°), which is forensically practical. The False Match
Rate (FMR) and the False Non-Match Rate (FNMR) are 2.0% and 3.3%.
This paper provides a strong optimization based backbone that goes ahead
to develop multimodal biometric integration to be used in a forensic
application to increase the reliability of evidence in legal contexts.
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1. INTRODUCTION

Forensic science relies heavily on reliable human identification especially in cases of criminal
investigation and during a mass disaster [1]. Such conditions compromise the traditional biometric
identification techniques such as fingerprints. This has motivated research to more robust types of biometric
modalities that do not become useless when traditional identifiers are not available [2][3]. Tongue prints and
dental features among these have demonstrated great potential because of their durability and uniqueness
[4][5]. To be admissible in any law court, must be of great reliability, scientific validity, and must be of
procedural integrity [6].

The biometric methods that can be applied in criminal identification include tongue and dental structures
among the numerous terms and are underutilized [7][8]. The form of unique morphological tongue shape,
texture and surface characteristic expose a great degree of inter-individual distinctiveness and long-term
stability [9].

Dental biometrics also, which include shape and alignment of teeth in addition to the restorative patterns
[10], have long been a vital part of forensic dentistry to identify victims, particularly during a mass disaster or
when the bodies are badly damaged [11][12], and [13]. A combination of these two biometric characteristics
tongue and teeth can offer a multimodal model that may offer high accuracy and reliability in the process of
identification [14].

Integrating more than one biometric modality overcomes one of the main drawbacks of unimodal systems
which is the susceptibility of the system to spoofing, environmental distortion, and data degradation [15]. With
the convergence of tongue and teeth biometric data, forensic investigators can use both as complementary to
each other [16], which will minimize the chances of false matches and increase the credibility of forensic
findings [17][18], and [19]. Numerous case studies have emphasized the usefulness of dental and tongue
biometrics in a criminal investigation particularly when the conventional identifiers, like fingerprints or facial
features are not available [20][21].

Such sensitive data of biometrics, however, has to be collected and analyzed under strict ethical guidelines
[22]. Issues of privacy, informed consent, and the possibility of misusing biometric databases are the key issues
that need to be tackled using the strong frameworks [23][24]. Also, the acceptability of the biometric evidence
is determined by the reliability of analysis techniques applied, which supports the necessity of the scientific,
transparent, and reproducible algorithms [25][26].

In this respect, artificial intelligence (AI) has become a disruptive source of power, which provides a
significant driving force to the intelligent biometric recognition systems development [27][28]. The
optimization algorithms that have been optimally developed, primarily those that are grounded on natural
process, have shown a great potential towards enhancing the performance of features extraction and
classification [29]. In this article, they present a superior Particle Swarm Optimization (PSO) algorithm to
improve the synthesis of tongue and dental biometrics that will be applied in the forensic sector [30].

When it comes to optimization of features selection and convergence behavior, the refined PSO
methodology is directed at maximizing the performance of the system and preserving its interpretability- which
is an essential feature of a forensic admissibility [31][32]. This research will be conducted with the aim of
offering a comprehensive, Al-driven system of integrating tongue and dental biometrics to help implement
more credible and ethical methods of criminal identification [33][34].

2. LEGAL AND ETHICAL CHALLENGES

The emerging integration of the biometric technologies into the criminal justice systems contributes to
the increase of the legal and ethical concerns [35]. However the biometric identification like tongue and dental
biometrics have much potential in the forensic investigation, this also facilitates the complex issues of privacy,
accountability and due process. These problems should be critically examined to enable the factuality that the
utilization of the technologies unintentionally weaken the individual rights or integrity of the course of justice
[36].

2.1. Risks Associated with the Misuse of Biometric Data

The biometric data is personal, by itself, very immutable. Against the identification cards, any
vulnerability to the unchangeable biometric attribute of tongue and teeth cannot be altered, therefore making
any exposure a permanent weakness [37]. This permanence causes such serious questions of abuse, including
unauthorized access, profiling, and surveillance [38]. With such stringent principles of data security and ethical
restraint the possibility exists that the collected biometric information could be reused in other activities that
are not forensic such as commercialization and unlimited surveillance by the state [39].
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The possibility of so-called function creep whereby biometric data collected is used in a different way is
quite real and poses serious threat to the civil liberties [40]. In this aspect, thus, there must be a legal framework
so that the use and collection of biometric data is restricted to the purpose that is pre-established by objective
which is backed by law, supported through mechanisms for redress and transparency [41].

2.2. The Impact of Technical Errors on Investigation and Prosecution Decisions

No matter how much Al has developed and optimization algorithms like the enhanced PSO used in the
current investigation are created, biometric systems cannot be considered foolproof [42]. Technical errors
include false positives, false negatives, or bad quality of data can be identified falsely, and as a consequence,
this can potentially cause false accusation or even a conviction [43]. The causes of these errors may be the
algorithmic bias, the lack of training samples, and the ineffective acquisition of images, primarily under the
conditions of damaged forensic [44]. The costs are mainly grave in criminal cases, where incorrect
identification could compromise the accused rights [45]. Additionally, the courts should be in a position to
question the scientific basis of biometric systems. The risk of not adhering to the principle of due process is
that non-transparent or black box Al systems cannot be explained in the decision-making and may not be
verified independently [46].

2.3. Legal Liability When Applying Biometric Systems in Criminal Law

The issues of legal liability have been raised to the fore with the growing dependence on biometric
evidence. Another area where an agency, forensic practitioners, system developers, or government institution
can be held responsible is when a biometric system collapses and it results in a miscarriage of justice [47].
Among the critical issues are whether the operators followed do care in the deployment of the system or not
and whether the technology deployed was valid and fit to be used in forensics. Using proprietary biometric
algorithms and, more so, their internal operations make them difficult to scrutinize within legal frameworks
and hold them to account [48]. In efforts to curb the risks of liability, the law systems, and international
organizations currently focus their attention on the transparency of the biometric systems, fairness, and
adherence to the rules of law. The General Data Protection Regulation (GDPR) of the European Union and the
ISO/IEC 19794 standards require strict limits to be imposed on the processing of biometric data [4].

3. RELATED WORK

B. Kaul ef al. in 2021 highlighted the increasing importance of forensic odontology in identifying a
person, particularly when other methods of biometrics, such as fingerprints or iris scans, are compromised.
They put emphasis on the fact that dental structures may be preserved in extreme circumstances, thus they play
a significant role in identifying in case of disasters or crimes. They also observed that dental biometrics could
provide demographic characteristics such as age, sex, and population affinity and suggested that automated
biometric systems with the combination of these characteristics will lead to higher quality in forensic
investigations involving mass casualties and criminal cases [49].

M. Yazdanian et al the article in 2022 gave the relevance of forensic dentistry in identification of victims
in mass disasters where the conventional biometric measures used like fingerprints and facial recognition often
fail because of severe physical damage. They pointed out that teeth and bones are the most robust parts of
human body and provide good features of identification in plane crashes cases as well as fire and other
disastrous cases. They evaluated that the importance of such methods as dental radiographs, scanning, and
record matching is the basis of the modern analysis of dental forensics. Secondly, forensic dentistry was
introduced as one of the most important instruments that can not only be used to identify the victims but also
to estimate sex and age, as well as to biotechnologically work. The authors promoted further evolution and
incorporation of newer dental procedures utilizing modern innovations reported within the last decade because
they were efficient, reliable and practical in case of forensic work at large scale [50].

N. Farahani et al. the article in 2026 investigates the application of forensic odontology in personal
identification, especially in sensitive cases like the mass disaster, sexual assault, and child abuse. They focused
on the tongue as a special characteristic of the biometrics (protected in the oral cavity) and with its particular
form, color, and texture- even in identical twins. The same features, according to them, make tongue prints a
potentially useful tool in identity verification and suspect identification when conducting a forensic
investigation. The review has pointed out the potential of the tongue as a biometric and forensic marker towards
the cause of death, and found that tongue biometrics is a developing science with a lot of potential in future
forensic applications [51].

M. E. Abdel Naser and A. N. M. Emam in 2024 made it clear that forensic dentistry plays a vital role in
identifying deceased persons when visual or standard methods cannot be used, especially in such situations as
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mass disasters and criminal acts, like bombings, fires, or tsunamis. He observed that teecth are resistant to
destruction and decomposition and thus provide a reliable way of identification even in the worst
circumstances. The research has identified some of the forensic dental methods that comprise denture labeling,
radiographs, bite marks, cheiloscopy, rugoscopy, salivary analysis and dental DNA profiling. Significantly, it
is the individuality of oral structure of each person even when there are twins that constitute the central steps
of'this process of identification. It was explained that a close comparison between ante-mortem and postmortem
results of dental records is a very strong procedure in victim and suspect identification, thus forensic dentistry
is an essential procedure in both legal and disaster situation (disaster response) scenarios [52].

D. Desai et al. in 2025 introduced the tongue print, also known as lingual impression, as an exciting
technology to be employed in the process of forensic identification with the help of biometric authentication.
They emphasized the dorsal surface of the tongue is one of the essential characteristics with a clear difference
in the texture and other shape variations, even between the same twins. The scholars emphasized the presence
of the opportunity to combine the use of tongue prints with other forensic dental instruments, i.e. liposcopy
and surface endoscopy. They also pointed out the need to have proper systems of classification of tongue shape
to improve the reliability and ease of tongue recognition in forensic dentistry [53].

4. METHODS

In this paper, there is a proposal of a multimodal biometric design incorporating both tongue and dental
features in order to improve forensic identifications. The system utilizes image processing, feature extraction,
classification, and optimization, and the improvement of an Improved Particle Swarm Optimization (IPSO)
algorithm Figure 1. Demonstrated the following phases:

Noise reduction, .| Split Data: 20% training, 80% o
contrast adjustment testing

Applied the Improved PSO

Tongue Feature Extraction ‘_‘ I—’ Dental Feature Extraction

i I ] —
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Figure 1. Block Diagram of the proposed method

4.1. Data Acquisition:
There are two biometric datasets were used:

e  Tongue images were obtained from publicly available biometric repositories and clinical image databases,
ensuring high-resolution dorsal surface images with proper lighting and consistent tongue protrusion.

e Dental images, specifically orthopantomograms (OPGs), were sourced from forensic dental image
datasets, featuring labeled cases suitable for training and validation.
Entirely image data was anonymized and preprocessed in accordance with ethical and privacy standards.

4.2. Preprocessing:
In order to confirm consistency and reduce noise, several preprocessing steps were applied:
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e  Grayscale conversion and histogram equalization were used to normalize contrast.

e Bothe Edge enhancement and Gaussian filtering were applied to decrease background artifacts and
highlight texture patterns.

e  For dental images, segmentation was used to isolate tooth structures and remove irrelevant craniofacial
features.

4.3. Feature Extraction:

Key features were extracted individually from images of tongue and dental using domain-specific
procedures:

e Tongue biometrics: The descriptors texture and shape for example Local Binary Patterns (LBP),
Histogram of Oriented Gradients (HOG), and Gabor filters were applied in order to capture surface
characteristics.

e  Dental biometrics: Morphological features such as tooth alignment, spacing, and crown patterns were
extracted using shape-based descriptors and contour analysis.

All image was represented as a vector of multidimensional feature, through redundant and non-discriminative

attributes removed in the next stage.
4th Stage: Feature Optimization using Improved PSO (IPSO): In order to improve the accuracy of

identification and reduce computational complexity, an Improved Particle Swarm Optimization (IPSO)
algorithm was employed as below:

e  The standard PSO was enhanced with dynamic inertia weight adaptation and mutation strategies to avoid
premature convergence and ensure global optimality.

e  The objective function was defined to maximize inter-class distance and minimize intra-class variation,
improving the separability of biometric features.

e [PSO was used to select an optimal subset of features from both modalities that contributed most to
classification accuracy.
5th Stage: Multimodal Fusion: After feature selection, a feature-level fusion approach was used to

combine tongue and dental biometric data:

e  The optimized feature vectors from both modalities were concatenated and normalized.

e  Principal Component Analysis (PCA) was used for dimensionality reduction and to remove redundant
information post-fusion.
6th Stage: Classification: The resulting fused feature vectors were classified with Support Vector

Machine (SVM) and radial basis function (RBF) kernel due to its ability to work with high dimensional data.

Tongue and dental dataset were divided into training (80%) and testing (20%) subsets. Accuracy, precision,

recall, and F1-score were counted as performance measures.
7th Stage: Evaluation and Validation: Evaluation and validation were done in this study to determine

the efficiency and accuracy of the suggested Improved PSO-based multimodal biometric system by use of
tongue and dental image. The metrics used in the evaluation do not include:

e  Confusion Matrix Components: True Positive (TP): means correctly identified biometric matches. True
Negative (TN): means correctly rejected non-matches. False Positive (FP): means incorrectly accepted a
non-match. False Negative (FN): means incorrectly rejected a genuine match. From these, the following
metrics were calculated: Accuracy: Measures the overall correctness of the system. Precision: Indicates
how many positively identified cases were actually correct. Recall (Sensitivity): Measures the system’s
ability to detect actual positives. PDR (Positive Detection Rate): Equivalent to recall in this context,
assessing the correct identification rate.

e  Image Quality Metrics:

PSNR (Peak Signal-to-Noise Ratio): Is used to evaluate the quality of image reconstruction or
transformation, where higher values indicate better quality.

MSE (Mean Squared Error): Is used in order to easures the average squared difference between original
and processed images; where lower values imply higher similarity and less error.

4.4. Feature Optimization using Improved Particle Swarm Optimization (IPSO)

To enhance identification accuracy and manage computational complexity, a novel Improved Particle
Swarm Optimization (IPSO) algorithm was developed. Unlike standard PSO, our IPSO incorporates two key
enhancements:

4.4.1. Dynamic Inertia Weight with Non-linear Decay
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The inertia weight w decreases non-linearly over iterations to balance exploration and exploitation:

N
w(t) = Winax = Wmax — Wmin) <T> (M
Where Wp,q, = 0.9, Wy, = 0.4, t is the current iteration, T is the maximum iterations (set to 100), and k =

0.5 controls the decay rate.

4.4.2. Diversity-Triggered Mutation Strategy

Unlike standard adaptive mutation, our mutation is triggered by population diversity. When the average
Euclidean distance between particles falls below a threshold D,,;, = 0.1, indicating convergence to a local
optimum, Gaussian mutation is applied to 20% of randomly selected particles. This allows the algorithm to
escape local minima.

4.4.3. Feature Weighting (Not Selection)

The TIPSO performs feature weighting, not selection. Each particle's position encodes a weight
vector W= [wy, w,, w, ] for the n-dimensional concatenated tongue and dental features (n = 256). The
objective function maximizes Fisher's discriminant ratio:

O-l?etween
J(w) = “Lebeen )
Owithin
This approach handles high dimensionality more efficiently than wrapper-based feature selection
methods, operating in continuous weight space (O(n) complexity) rather than discrete feature subsets

0(2n) complexity).

4.4.4. Algorithm Parameters

e  Population size: 50 particles

e  Personal learning coefficient ¢;: 1.5
e  Global learning coefficient c,: 1.5
e  Maximum iterations: 100

4.5. Multimodal Fusion
Following feature weighting, a feature-level fusion approach was employed. The weighted feature vectors
from both modalities were concatenated:

Frusea = [Wtongue ° Ftongue @D Waentar © Faentail (3)

Where O denotes element-wise multiplication. The fused vector was normalized to zero mean and unit
variance. Principal Component Analysis (PCA) retained 95% of variance for dimensionality reduction.

4.6. Classification

The reduced feature vectors were classified using a Support Vector Machine (SVM) with Radial Basis
Function (RBF) kernel, selected for its effectiveness with high-dimensional, non-linear data. The SVM hyper
parameters (C = 10, y = 0.01) were optimized via 5-fold cross-validation on the training set.

4.7. Evaluation Protocol

4.7.1. Cross-Validation:

Instead of a simple 80/20 split, 10-fold stratified cross-validation was employed to ensure robust performance
estimation and maintain class distribution in each fold.

4.7.2. Performance Metrics:

e  Primary Metrics: Accuracy, Precision, Recall, F1-Score, and Equal Error Rate (EER) derived from the
Receiver Operating Characteristic (ROC) curve.

e  Forensic-Specific Metrics: False Match Rate (FMR) and False Non-Match Rate (FNMR).

e Image Quality Metrics: Peak Signal-to-Noise Ratio (PSNR) and Mean Squared Error (MSE) between
original and preprocessed images (secondary metrics).
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4.7.3. Statistical Validation:
The IPSO algorithm was executed for 30 independent runs. Statistical significance of improvements over
baseline methods was assessed using paired t-tests (p < 0.05).

5. RESULT AND DISCUSSION

Various forensic-practical factors explain why this study uses an Improved PSO algorithm, as opposed to
the modern deep learning models. To begin with, the given approach is more interpretable by its very design;
the IPSO offers explicit weights of the features, which is essential when it comes to providing clear evidence
in legal proceedings, unlike the black-box quality of the deep neural networks. Second, it is data-efficient,
being highly-performing with small, frequently small-sized datasets common in forensic casework, whereas
deep learning networks such as ResNet or VGG need training data of very large sizes.

Third, it is computationally lighter, making it suitable for deployment in resource-constrained
environments. For validation, a standard ResNet-50 feature extractor was implemented as a baseline. While it
achieved a respectable 94.2% accuracy, our IPSO-based method attained a superior 97.3% with significantly
lower computational cost and provided the required interpretability for forensic testimony. The experimental
results validate the proposed IPSO algorithm based multimodal biometric system for forensic identification,
utilizing the Dental OPG X-Ray Dataset from Mendeley Data and tongue images from established biometric
research. The development and evaluation of the system were grounded on a multimodal dataset of 1,200 dental
orthopantomogram (OPG) images of the Mendeley Dental Dataset and tongue dorsal surface images of well-
known tongue print biometric studies. Figure 2(a) shows the samples of processed image with rotated
orientations (0, 90, 180, 270), determining the ability of the system in an attempt to retain the consistency of
features with varying orientations.

This diversified dataset helped to give a good background to test the suggested framework in real forensic
situations. The IPSO algorithm successfully combats the inherent issues of the two modalities, which includes
contrast variations in the dental radiograph and differences in illumination in tongue images

The rotational augmentation demonstrated essential for improving the system's invariance to image
orientation changes, a common challenge in forensic evidence collection. Figure 2(b) presents the matching
results of IPSO on different rotations and it is clear that the algorithm is effective in identifying biometric
features that are consistent across orientation variations. The IPSO-based feature optimization kept the
matching accuracy over 95% at all the rotation angles, and the performance dropped by at least 2.5% at the
extreme orientations.
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b) Dental Image after applying IPSO

Feature Matches: Original vs 90°
33 matches

Feature Matches for ORB - 270° Rotation
Best 30 matches from 33 good matches

Tongue Image after applying IPSO
Figure 2. (a) Processed image samples with rotated orientation (b) Feature matches using IPSO at various rotations

Figure 3 show the confusion matrix of IPSO-based multimodal biometric system with outstanding
classification performance of 145 true positives and 147 true negatives among 300 test samples. The total
accuracy of 97.3 is much better than that of traditional PSO (88.3), with an absolute increase of 9.0.
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The balanced distribution along the diagonal of the confusion matrix shows that all the test classes are
described by consistent performance and few instances of misclassification are focused on the difficult cases
when there is degraded quality of image or partial occlusions.

The confusion matrix in Table 1 details the classification outcomes for 300 test samples. The system
correctly identified 145 genuine matches (True Positives) and correctly rejected 147 imposters (True
Negatives), with only 8 total errors. These misclassifications (5 False Negatives and 3 False Positives)
primarily occurred in cases with severe image degradation or partial occlusion—common challenges in
forensic scenarios that future work should address.

The system has shown high performance in all the conventional biometric measures as shown in Table 2.
An especially remarkable feature is the low Equal Error Rate (EER) of 2.1% which is a critical feature of the
operating point of the device in which the rates of false acceptance and false rejection are balanced. In forensics,
a False Match Rate (FMR) of 2.0% is highly significant to reduce wrongful identifications whilst the 96.7%
ensures genuine matches are rarely missed.

As indicated in Table 3, IPSO algorithm has significantly better image quality metrics than the traditional
PSO. The 73.4% MSE and 18.2% PSNR gains are statistically significant (p < 0.01), which is the superior
ability to maintain the discriminative features. The low standard deviations in 30 independent runs are evidence
of the stability and reliability of the algorithm. Although these measures of image quality are not the main ones
in terms of classification performance, they will give a perspective on how IPSO improves the features
representation.

Table 4 shows that the proposed IPSO method is more effective in comparison with other benchmark
techniques. Our approach is more accurate, by 9.0%, and EER is lower, by 6.4% points, than conventional
PSO. Our strategy has an accuracy improvement of 3.1% over the ResNet-50 deep learning baseline with a
significant (85%) training time decrease, without compromising on the high interpretability needed in forensic
evidence. The 12.6% higher score with the multimodal fusion than with the most successful unimodal system
proves the value of multimodal fusion.

Table 1. Confusion matrix for the proposed IPSO-based multimodal system (n=300 test samples).
Actual / Predicted Genuine Match  Imposter Non-Match  Total

Genuine Match 145 (TP) 5 (FN) 150
Imposter Non-Match 3 (FP) 147 (TN) 150
Total 148 152 300

Table 2. Comprehensive performance metrics of the proposed system.

Metric Value Interpretation
Accuracy 97.3% Overall system correctness
Precision 98.0% Reliability of positive identifications
Recall (Sensitivity) 96.7% Ability to detect true matches
F1-Score 97.3% Harmonic mean of precision and recall
Specificity 98.0% Ability to detect true non-matches
False Match Rate (FMR) 2.0% Incorrect acceptance rate (FAR)
False Non-Match Rate (FNMR) 3.3% Incorrect rejection rate (FRR)
Equal Error Rate (EER) 2.1% Primary biometric metric

Table 3. The Comparison of image Quality between PSO and IPSO

Metric Traditional PSO  Improved PSO (IPSO) Improvement p-value

PSNR (dB) 362+ 1.5 42.8+1.2 +18.2% <0.01
MSE 15.8+2.1 42+0.8 -73.4% <0.001

Feature Quality Index 0.78 £ 0.05 0.92+0.03 +17.9% <0.01

Table 4. Performance comparison with benchmark methods on the same dataset

Method Ac:;:‘ )a y ]?‘};;]; ]?(}//‘[)]; Fl(\{,zll)R Tralm;;% Time Interpretability

Proposed IPSO 97.3 2.1 2.0 33 285 High
Traditional PSO 88.3 8.5 9.2 10.1 310 High
Genetic Algorithm (GA) 91.5 5.2 5.8 6.3 420 High
ResNet-50 Features + SVM 94.2 38 4.1 4.5 1,850 Low
Unimodal (Tongue only) 84.3 12.7 13.5 14.2 190 High
Unimodal (Dental only) 89.7 7.9 8.4 8.7 210 High

Simple Feature 90.1 7.2 7.8 8.1 175 Medium

Concatenation

Tameem Hadi Fadhil (Integrating Tongue and Dental Biometrics Using Improved PSO for Enhanced
Forensic Evidence)



ISSN: 2685-9572 Buletin Ilmiah Sarjana Teknik Elektro 963
Vol. 8, No. 4, August 2026, pp. 954-966

Confusion Matrix

400
300
200

0

Total Non-Match Match
B Match ™ Non-Match Total

Figure 3. The confusion matrix

6. CONCLUSIONS

This paper manages to prove that the integration of tongue and dental biometrics based on IPSO algorithm
contributes to the effective analysis of forensic evidence greatly. The suggested multimodal system plays on
the complimentary abilities of stable dental morphology and distinctive tongue texture patterns, and has a
strong offer as a way to be identified once traditional biometrics have failed.

The experimental results establish the superiority of the IPSO-optimized approach, achieving 97.3%
accuracy, 98.0% precision, 96.7% recall, and a critically low Equal Error Rate (EER) of 2.1%. These metrics,
coupled with a False Match Rate (FMR) of 2.0% and False Non-Match Rate (FNMR) of 3.3%, demonstrate
high reliability for forensic applications. The system also shows practical robustness, maintaining over 95%
accuracy across image rotations (0°, 90°, 180°, 270°).

The results of the experiment prove the IPSO-optimized approach to be the best with 97.3% accuracy,
98.0% precision, 96.7% recall, and a critically low Equal Error Rate (EER) of 2.1%. Together with a False
Match Rate (FMR) of 2.0% and False Non-Match Rate (FNMR) of 3.3% these have high reliability in forensic
applications. Practical robustness is also demonstrated in the system with more than 9% accuracy across image
rotations (0°, 90°, 180°, 270°).

Practical Limitations and Handling of Non-Ideal Image: The system is effective on controlled datasets,
but there is a problem in practice in forensic applications. The acquisition of post-mortem images may also be
challenging because of the effects of decomposition, rigidity, or inaccessibility. Our system is non-ideal
through preprocessing (reduction of noise, contrast enhancement) and shows rotational invariance.
Nevertheless, the use in high-quality degraded, partially obscured, or low-resolution forensic samples needs to
be validated further. The existing features extraction procedures might have problems with extreme
decomposition when the anatomical structures change.

Future Work will be based on: (1) extending the dataset to cover more varied demographic groups and
difficult forensic cases; (2) exploring the integration of other biometric modalities (e.g., lip prints, palatal
rugae); (3) designing an adaptive preprocessing pipeline to work with degraded post-mortem images; and (4)
to come up with a real time implementation to be deployed in a field disaster victim identification.

Overall, the study develops an IPSO-optimized multimodal model, which can be considered reliable,
accurate, and forensically sound. It will provide a major breakthrough in the biometric integration in relation
to forensic science that has potential to enhance legal evidence as well as human identification in difficult
situations.
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